Flaviviridae) that cause more human disease than any other arthropod-borne (arbo) virus [1] . 29
They consist of four serotypes (DENV-1 to -4) that are phylogenetically related [2] and 30 loosely antigenically distinct [3] . Human DENV originate from sylvatic transmission cycles 31 that occur between non-human primates and arboreal mosquitoes [4] . They emerged and 32 became endemic in the human population in the last few hundred years [2] . Today, DENV are 33 transmitted among human hosts by anthropophilic mosquito vectors, primarily Aedes aegypti 34 [5] . 35 36 Over the last three decades, phylogenetic and molecular evolution analyses based on viral 37 genomic sequences have provided valuable insights into DENV evolutionary history and 38 epidemiology [6] . It is noteworthy that this large body of work on various aspects of DENV 39 biology such as the origin, spatio-temporal transmission dynamics, and pathogenesis has 40 mainly been conducted at the between-host level. In other words, viral genomic sequences 41 have generally been analyzed by considering a single genome per human or mosquito host 42 sampled, which makes the implicit assumption that a single DENV genome adequately 43 represents a given infection. 44
45
Due to their exceptionally high mutation rate -about a million times greater than that of 46 vertebrates [7] -RNA viruses typically exist within their hosts as a heterogeneous population 47 of related genetic variants, often referred to as a viral quasispecies [8] . The within-host 48 genetic diversity of DENV was initially demonstrated by reverse transcription of viral RNA 49 purified from individual human plasma samples, followed by cloning and sequencing of 50 multiple PCR amplicons [9, 10] . The majority of subsequent studies focused on the human 51 host [11] [12] [13] [14] , although the within-host genetic diversity of DENV populations was also 52 confirmed in mosquitoes [15, 16] . Within-host DENV genetic diversity was initially reported 53 to be lower in mosquitoes than in human patients [16] , but this observation did not hold in 54 later studies [15, 17] . 55
56
Early studies of within-host DENV genetic diversity based on clonal sequencing typically 57 examined partial genome sequences, such as the viral envelope gene, or a limited number of 58 complete genome sequences. With the advent of high-throughput sequencing technologies ,1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 genome-wide surveys progressively became the standard approach [13, 14, 18, 19] , with some 60 exceptions [20] . The primary aim of these studies was to estimate the extent of within-host 61 DENV genetic diversity, and possibly correlate it with relevant clinical, epidemiological or 62 phylogenetic features. For example, a comprehensive study of within-host DENV-2 genetic 63 diversity in Nicaragua revealed non-uniform patterns across viral genes, variation across 64 phylogenetic lineages, and some degree of relationship with between-host genetic diversity 65 [13] . One unresolved question is whether dengue disease severity in humans is associated 66 with the level of within-host DENV genetic diversity, as was reported in some instances [12] 67 but not others [13, 14] . 68
69
Only during the last two years did studies begin to monitor the evolutionary dynamics of 70 DENV populations at the within-host level [17, 18, [21] [22] [23] and Aedes albopictus mosquitoes ten days after intrathoracic inoculation with the same human 103 serum samples [23] . They detected mutation hotspots and coldspots in the viral genome, some 104 of which were independent of the host type. In addition, there was evidence for frequent 105 reversion of low-frequency variants during human-to-mosquito transfer, and some degree of 106 mosquito species-specific evolution. Sim et al. also tracked changes in within-host DENV-1 107 genetic diversity during human-to-mosquito transmission, but using a more natural setting 108 [17] . Twelve viremic dengue patients from Vietnam were experimentally exposed to naïve Ae. 109 aegypti mosquitoes, and three blood-fed mosquitoes per patient were analyzed after two 110 weeks of extrinsic incubation. Comparison of within-host DENV genetic diversity in matched 111 human and mosquito samples revealed substantial changes in the variant repertoire between 112 venous blood and the organs of mosquitoes that became infected by feeding on the 113 corresponding person. The majority of genetic variants were lost upon transition from venous 114 blood to mosquito abdomen, as well as from mosquito abdomen to salivary glands. 115
Nevertheless, several measures of genetic diversity per sample were similar between human 116 plasma, mosquito abdomens and mosquito salivary glands, indicating that the overall level of 117 within-host genetic diversity was maintained. 118 119 A study that our research group recently conducted investigated the evolutionary forces 120 underlying within-host DENV evolution in different genotypes of their mosquito vector Ae. 121 aegypti [21] . We used deep sequencing to monitor the genetic diversity of full-length viral 122 genomes during mosquito infection by a wild-type DENV-1 isolate (Figure 2 ). Based on 123 neutral or quasi-neutral genetic markers to rule out a confounding effect of natural selection, 124
we detected a stochastic reduction in population size at initial midgut infection. We estimated 125 that infection was randomly initiated by tens of viral genomes, two orders of magnitude less 126 than the infectious dose of virus ingested by an individual mosquito in our experiment. The1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 useful to compare the selection regime in different host compartments or different host types. 162
The within-host environment is typically heterogeneous (i.e., different cell types) and 163 spatially structured (i.e., organs), which can lead to the emergence of fitness trade-offs [36] . 164
Such within-host trade-offs remain to be been explored in the case of DENV. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 the between-host viral evolutionary rate [45, 46] . In the case of arboviruses, it was observed 217 that their evolutionary rate is on average slower than that of directly-transmitted RNA viruses 218
[47]. The fitness trade-off hypothesis postulates that arbovirus alternation between disparate 219 host types (i.e., vertebrate and invertebrate) constraints adaptation and slows down evolution, 220 but this hypothesis has only received partial support from empirical studies [48] . Another 221 important feature of the arbovirus life cycle are the recurrent population bottlenecks that occur 222 during transmission [49] . These bottlenecks may act to slow down arbovirus evolution 223 independently of host alternation. Presumably, rare adaptive mutations are lost by genetic 224 drift, whereas more frequent deleterious mutations are efficiently removed by purifying 225 selection during phases of within-host population expansion. The combined action of 226 recurrent population bottlenecks and within-host purifying selection may thus promote 227 evolutionary conservation of arboviral genomes. 228 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   230   Conclusions  231   232 Only a handful of studies investigated the dynamics of within-host DENV genetic diversity to 233 date. Most of these studies used a descriptive approach to correlate the extent of within-host 234 viral genetic diversity with epidemiologically relevant features. This is a time of great 235 opportunities to carry out longitudinal studies of within-host DENV evolutionary dynamics 236 that will go beyond the mere description of genetic diversity. By combining high-throughput 237 sequencing data with computational and statistical methods, within-host evolutionary analysis 238 of DENV has the potential to illuminate within-host processes and provide important insights 239 into epidemiological dynamics. Another critical aspect for future research will be to move 240 from the analysis of patterns of DENV genetic diversity to the analysis of phenotypic traits 241 underlying DENV fitness (e.g., drug resistance, replication rate, extrinsic incubation period). 242
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